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Abstract 
Several error sources can contribute to the global tracking error of heliostats. These sources can be, for instance, angular offset in 
the reference position of the tracking mechanisms, imperfect leveling of the heliostat pedestal, lack of perpendicularity between 
the tracking axes, lack of precise clock synchronization. All these possible errors are characterized by angles that have very 
specific numerical values for each heliostat in a central receiver installation. However, they are intrinsically random in nature, 
and the errors in different heliostats are independent from each other. In principle, the overall drift behavior of the heliostats can 
be characterized by a statistical distribution of tracking errors. This global distribution characterizes the angular deviation of the 
heliostat normal and is used in ray tracing simulations of heliostat fields. It is usually assumed to be Gaussian, although some 
authors argue in favor of other types of distributions. In the present work, the dependence of the global tracking error distribution 
on the above mentioned primary error sources is investigated by means of Monte Carlo simulations. Random values are assumed 
for the different error parameters, and the resulting global tracking error distributions are evaluated for different times of the year 
for a heliostat field. 
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Nomenclature 
h  Relative height from heliostat to target 
L  Horizontal distance from heliostat to target 
nˆ  Heliostat normal unit vector   
rˆ  Heliostat to target unit vector   
sˆ  Solar vector     
t  Time      
U  Solar zenith angle    
\  Solar azimuth angle    
E  Heliostat normal zenith angle   
J  Heliostat normal azimuth angle 
 θ Heliostat normal deviation 
E'  Heliostat normal zenith offset 
J'  Heliostat normal azimuth offset 
H  Pedestal tilt angle 
N  Pedestal tilt direction angle 
 σ Standard deviation 
M  Tilt error rotation matrix 
 
 
Subscritps 
 
e Vectors with errors 
ε Relative to variable ε 
β Relative to variable β 
γ Relative to variable γ 
1. Introduction 
Central receiver solar power plant technology is an attractive option for the sustainable energy supply, either 
through the generation of electricity [1], or the implementation of thermochemical plants for the production of green 
energy carriers [2-4]. Optical simulations of the heliostat field are a central part of the design of central receiver 
plants. The efficiency of the plant is, to a high degree, dependent on the effective concentration level achieved at the 
receiver. There are different simulation methods for the design of heliostat fields [5], based either on the Monte 
Carlo method or the Cone Optics method. Despite the methodology employed, a very important input parameter for 
this kind of simulation is the heliostat tracking error distribution. A poor estimation of this distribution may lead to 
spillage of radiation and smaller concentration level than expected. 
Usually, the tracking error distribution is assumed to be Gaussian, centered around zero, and therefore is 
characterized only by the value of its standard deviation. It is implicit in this assumption that a given heliostat 
behaves in a stochastic manner and the distribution averaged over a large number of heliostats tends to be Gaussian, 
according to the Central Limit Theorem. It is expected that the behavior of the field averaged over a one year period 
is well characterized by this kind of distribution, even though the errors do not produce a random behavior in a 
particular heliostat. There have been also arguments in favor of a distribution different from Gaussian [6], but with 
the same underlying assumption of long term random behavior. 
Several sources can cause heliostat tracking errors. Among them, there are those that cause heliostat image drift 
[7-9]. Drift is a deviation from perfect tracking, where the concentrated spot moves in a trajectory away from the 
intended target. It is not a random oscillation, but a more or less slow displacement, that is originated by well-
defined geometrical causes, that produce a deterministic behaviour. These causes can be, for instance, heliostat 
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pedestal tilt, misplacement of angular reference sensors, canting errors, etc. The particular values that these error 
parameters take for a given heliostat in a field are random, and depend mainly in the installation of the system. 
In the present work the statistical distribution of tracking errors for a heliostat field is investigated by means of 
Monte Carlo simulations. Well-known sources of tracking errors are simulated in a deterministic manner for each 
heliostat in the field, but assigning random values to the error parameters of each heliostat. The resulting angular 
errors distributions are obtained by running the simulations for a whole year, for every heliostat on the field, and 
considering many realizations of the error parameters of the heliostat. 
2. Methodology 
2.1. Individual error simulation 
The simulations consist in calculating how the position of the impact point of the central ray from the heliostat 
varies as drift mechanisms come into play. The method has been discussed elsewhere [7] and here it will be only 
briefly outlined:  
First, the ideal normal vector of the heliostat is obtained. This is determined by the solar vector, and the 
requirement that the central ray from the heliostat impacts the center of the target (Fig. 1). Then the equation the 
heliostat normal is given by 
)(ˆˆ
)(ˆˆ)(ˆ
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  (1) 
where the time dependence of the solar and normal vectors has been explicitly indicated, but the heliostat-receiver 
relative position unit vector does not depend on time. This is the unit vector that points from the heliostat center to 
the center of the target. The solar vector is expressed in terms of the solar zenith and azimuth angles as 
)cos,sinsin,cos(sin U\U\U  s   (2) 
 
 
Fig. 1. Geometry of the problem. 
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All tracking errors perturb the heliostat normal vector from the ideal one given by eq. (1). Each type of error 
source will be characterized by a different modification to the ideal normal, as will be discussed below. Thus, once 
the distorted normal has been calculated, the real reflected ray direction is obtained from the law of reflection: 
> @)(ˆ)(ˆ)(ˆ2)(ˆ)(ˆ ttttt eee snnsr    (3) 
The intersection point on the screen is determined by the intersection of the reflected ray with the plane of the 
receiver (a vertical plane located at the front face of the tower).  
Although several causes of heliostat drift have been identified and studied [7,8], in this work we will restrict 
ourselves to two error sources (Fig. 2): angular reference offset and heliostat tilt. The first consists in a situation 
where the home position of the two rotation mechanisms of the heliostat is not correctly defined; the home position 
sensors are not accurately located. The second occurs when the azimuth rotation plane is tilted, either because the 
pedestal or the gearbox are tilted, due to poor leveling or ground settling. Other error sources can be modeled but 
these two are sufficient to simulate drift phenomenology for the present purposes. 
      
Fig. 2. Error due to angular reference offset (left), and inclination of the azimuth rotation plane due to gearbox tilt (right). 
The angular reference offset adds a constant angular deviation to the azimuth and zenith angles of the heliostat, 
causing the distorted heliostat normal vector to become 
@> )cos(),sin()sin(),cos()sin(ˆ eeeeee EEJJEEJJEE ''''' n   (4) 
The tilt error occurs because the azimuth rotation is not around a vertical axis (Fig. 5). The tilt angle with respect 
to vertical is ε, and the angle κ tell us in which direction the tilt happens. As a result of this error the normal vector is 
rotated by an angle ε in the plane defined by the direction κ and the zenith.  
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When the two errors described here are present, the tilt error should be applied in second place after the offset. In 
Fig. 3, an example is presented of a daily drift trajectory for a single heliostat incorporating both types of errors. 
The angular error parameters NHJE ,,, ee ''  are called subsequently primary error parameters.  
2.2. Monte Carlo implementation 
It would be very complicated to try to simulate different heliostat field configurations at this time, so the 
simulations presented here have been carried out for a specific heliostat field. This design corresponds to the Central 
Receiver Experimental Field which is under development by UNAM and UNISON, in Hermosillo, Mexico [10]. 
The design was previously carried out [11] by means of the WINDELSOL program (CIEMAT’s Windows interface 
for the DELSOL code [12]), and consists of a north oriented field with 82 heliostats, of 36 m2 area each, and a 32 m 
high tower. The maximum dimensions of the field are 206 m and 135 m, in the North-South and East-West axes, 
respectively. Each heliostat consists of 25 flat square facets in a square array, canted to the corresponding slant 
range. Nevertheless, the current simulation is based only in the heliostats’ central rays, so the details of heliostat 
design do not influence the present results. 
 
 
Fig. 3. Daily drift trajectory on summer solstice, at latitude 29.03°N, for a heliostat 85 m away from the tower, with Δβ=-2 mrad, Δγ-1.5 mrad, 
ε=1 mrad,  κ=π/4 (Coordinates in the graph are normalized to the heliostat horizontal distance from the tower). 
A code in MATLAB was developed for the simulations. The methodology consists in assigning random values to 
the four error parameters of each of the 82 heliostats, and carrying out detailed simulations of daily tracking by 
means of eqs. (1)-(6). The random errors Δβ and Δγ are generated from one-dimensional Gaussian distributions 
centered around zero, using as input parameters the standard deviations of these distributions σβ, σγ. Meanwhile, ε 
and κ are obtained as the radius and angle of the polar representation of two one-dimensional Gaussian random 
numbers (εx , εy), both of them with the same standard deviation σε .  
During each run, the deviation angles of each heliostat in the field, for each time step, are stored for the whole 
day. The simulation interval was one minute, from 1:00 to 17:00 hours, solar time. The deviation angles are obtained 
from the dot product of the ideal normal and the real normal, which incorporates the tracking errors calculated from 
eqs. (3)-(6). 
> @)(ˆ)(ˆarccos tte nn  T   (7) 
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 At the end of each run, histograms for the frequencies of the different values of all the deviation angles are 
constructed. It is not expected that these calculations should give enough statistics for just one day operation and 82 
heliostat, so two kinds of simulations where considered to increase the amount of data: 
 
x Running a simulation for a whole year, to evaluate the statistical performance of a given field. 
x Running simulations for single days (solstices and equinoxes) to study the seasonal dependence, but carrying out 
many realizations (1000) of the field; in each one of them, new random numbers are assigned to each heliostat. 
 
When enough statistics are achieved, the obtained histograms are tested to evaluate if they actually correspond to 
Gaussian distributions of errors. For this, it must be taken into account that the errors θ are deviation angles that can 
occur in any direction with respect to the ideal normal, so the deviation angle has a two dimensional probability 
distribution in two perpendicular directions θx, θy, centered around zero. If this distribution is Gaussian with the 
same standard deviation in both directions, it becomes a circularly symmetric Gaussian (Fig. 4). 
)2/exp()( 222 VTV
TT  f   (8) 
where this expression is already integrated over 2π in the symmetry direction. 
  
 
Fig. 4. Circularly symmetric Gaussian distribution. 
The mean and variance of θ for this distribution are 
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so, the standard deviation to mean ratio has a value of 
5227.014 | ST
VT   (11) 
This ratio is used in the following section as the criterion to evaluate if the resulting error distributions are 
Gaussian or not. 
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3. Results 
In the simulations four different values were used for each one of the primary error parameters’ standard 
deviations: 1, 3, 5, and 10 mrad. In Fig. 5 the resulting histograms from two year round simulations are presented, 
for a value of 3 mrad in all the standard deviations. Each one of these simulations corresponds to one realization of 
the heliostat field; i.e., to a different set of random numbers for the four error parameters of each of the 82 heliostats. 
The first obvious conclusion is that this number of heliostats is not enough to generate a smooth well defined 
statistical distribution of tracking errors over the whole year. Instead, each one of the two realizations shows 
characteristic peaks that seem to be representative of specific heliostats with particular values of the error 
parameters. 
 
Fig. 5. Year round simulations for two different realizations of the heliostat field. All primary errors standard deviations equal to 3 mrad. 
In Figs 6, and 7, simulations are presented for single day runs averaged over 1000 realizations of the heliostat 
field for the summer and winter solstice. These are presented as representative of the seasonal variation of the error 
distributions. In each graph the upper right (a) correspond to all errors with standard deviations equal to 3 mrad, 
while the other graphs correspond to all standard deviations equal to zero, except for one in each case:  σε=3 mrad 
(b), σβ=3 mrad (c), σγ= 3 mrad (d). 
 
Fig. 6. Simulations for the summer solstice. (a) σε = σβ = σγ =3 mrad; for the rest of the graphs all standard deviations are zero except for: 
 (b) σε=3 mrad, (c) σβ=3 mrad, (d) σγ= 3 mrad. 
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A very noticeable feature in all these graphs is how the histograms corresponding to heliostat tilt only and the 
ones combining different errors look quite Gaussian. On the other hand the histograms corresponding to the angular 
offset errors do not look Gaussian at all as compared to Fig. 4. A more subtle feature is that the offset error in the 
azimuth seems to produce more spread distributions than offset in elevation. In Table 1 the values of the standard 
deviation to mean ratio are presented for the different seasons and different values of primary errors. 
 
Fig. 7. Simulations for the winter solstice. (a) σε = σβ = σγ =3 mrad; for the rest of the graphs all standard deviations are zero except for: 
 (b) σε=3 mrad, (c) σβ=3 mrad, (d) σγ= 3 mrad. 
Table 1. Standard deviation to mean value ratio for the resulting distributions in different cases. 
Error  
parameter 
Error Value  
(mrad) 
Winter 
solstice 
Spring 
equinox 
Sumer 
Solstice 
All 1 0.5406 0.5402 0.5414 
 3 0.5372 0.5393 0.5400 
 5 0.5404 0.5392 0.5395 
 10 0.5398 0.5406 0.5406 
σε 1 0.6210 0.5720 0.5427 
 3 0.6193 0.5712 0.5417 
 5 0.6218 0.5723 0.5431 
 10 0.6213 0.5713 0.5426 
σβ 1 0.7561 0.7579 0.7586 
 3 0.7561 0.7563 0.7555 
 5 0.7561 0.7547 0.7620 
 10 0.7576 0.7541 0.7537 
σγ 1 0.7587 0.7643 0.7704 
 3 0.7581 0.7619 0.7718 
 5 0.7587 0.7661 0.7723 
 10 0.7560 0.7557 0.7735 
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In all cases the type of distribution turns out to be independent of the size of the primary error. This is because the 
resulting global error distributions have standard deviations and means that are linearly proportional to the primary 
errors standard deviations. This is illustrated in Fig. 8 
 
Fig. 8. Mean value of θ for the global error distributions obtained, for the different types of primary errors, for winter (left) and summer (right) 
solstices. 
It must be pointed out that the angular distribution of angular errors θ of the heliostat normal vector is not 
necessarily the most descriptive metrics for tracking errors in the heliostat filed. It has the drawback of giving the 
same weight to tracking errors of near and far heliostats. It is clear that the latter contribute more importantly to the 
broadening of the concentrated flux distribution on the receiver and to spillage. Probably, another kind of position 
weighted distributions could be explored. However, the tracking errors distribution as defined here is easily 
incorporated into the existing simulation methods for heliostat field design. 
4. Conclusions 
Monte Carlo simulations have been implemented to evaluate the global tracking error distributions of a heliostat 
field from primary errors sources that produce deterministic drift behavior. The sources of errors considered were 
pedestal tilt and angular offset of tracking mechanisms. For each heliostat in the field, the primary error parameters 
were assigned random values at the beginning of a simulation that was either year round or just for one day. It has 
been found that for a small heliostat field (82 units), even a whole year sampling does not give a well-defined 
distribution. Instead, clear peaks appear attributable to the particular drift signatures of specific heliostats. On the 
other hand, a good statistics was obtained for daily simulations considering 1000 different realizations of the field. It 
has been found that the global error is very close to a Gaussian when several error sources interact with similar 
weight. However, it has also been found that angular reference offset produces a very non-Gaussian behavior. Also 
the pedestal tilt error produces distributions that are more or less Gaussian depending on the time of the year. 
Studies of more error mechanisms and comparison with other types of statistical distributions are required to 
reach a more complete understanding of the observed behavior.  
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